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solution, which contained 80 mM ATP, 800 pM 7-methylguanosine,
and 0.1 unityfm] purine nuclecside phosphorylase. The latter two
components were used tc eliminate contaminating Pi. Changes in
the fluorescence at 466 nm were monitored continuously with a
fluorometer {(F-4500, Hitachi).

ADP Release

Release of ADP from GroEL was measured spectrophotometrically
with an ATP-regenerating system (Pullman et al., 1960; Kato et al.,
1995). The assay mixture consisted of buffer A containing 0.2 mM
NADH, 5 mM phosphoenolpyruvate, 100 p.g/ml pyruvate kinase, 100
ng/ml lactate dehydrogenase, 2.5 mM DTT, and T mM ATP in the
presence or absence of 1.4 pM GroES. MDH {47 M) denatured In
6 M urea was diluted into the assay mixture to a final concentration
of 1.0 pM. After 1 min, the reaction was initiated by injection of
GroEL into the vigorously stirred solution. The decreases in the
absarbance at 340 nm, due to oxidation of NADH, were monitored
continugusly with a spectrophotometer (V-550, Jasco, Japan).
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Interaction of Prefoldin with Group Il Chaperonin

distal regions of the coiled-coils partially expose hydrophobic
patches, and there i3 evidence that coiled-coils are required for
the multivalent binding of non-native proteins (23). Eukaryotic
prefoldin possesses a structure similar to that of archaeal pre-
foldin and has been observed to capture a substrate protein
(actin) in the cavity formed by its six “tentacles” (24). In the
three-dimensional reconstitution of the prefoldin-actin com-
plex, actin appears to interact with prefoldin in & region that is
not well defined but is also consistent with the distal regions of
the coiled-coils (24). Additional evidence for actin and tubulin
substrate interaction with the distal ends of different but over-
lapping sets of eukaryotic prefoldin subunits has been obtained
recently (25).

In contrast, the interaction and functional cooperation be-
tween the archaeal chaperanin and prefoldin is comparably less
understood. The archaeal chaperones represent a powerful model
system for examining their functional esoperation because of
their simple subunit composition and structural stability.

We have already reported that the prefoldin from Pyrococcus
horikoshii OT3 (PhPFD) functionally cooperates with chaper-
onins in the refolding of the green fluorescent protein (GFF) in
vitro (26). In the present study, we have examined the inter-
action between a prefoldin and a chaperonin from hyperther-
mophilic archaea by immunoprecipitation, single molecule ob-
servation, and surface plasmon resonance, and characterized
the substrate and chaperonin binding site of prefoldin. Qur
results reveal that both the distal N- and C-terminal regions of
the g subunit are important for substrate binding and also for
interaction with a chaperonin. Importantly, the dual function
of the prefoldin tips (substrate and chaperonin binding} may
represent an important property that facilitates the functional
cooperation with a chaperonin.

EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Reagents—The plasmid pT7Blue T
{Novagen) was used for cloning and DNA sequencing of the gene. The
plasmid pET23b (Novagen) was used for construction of the expression
system. Escherichia coli strains used in this study were DH5« for the
preparation of plasmids and BL21(DE3) for expression. Site-directed
mutagenesis was performed using a QuikChange site-directed mu-
tagenesis kit (Stratagene). Restriction enzymes, Ex TagDNA polymer-
ase and other reagents for gene manipulation were purchased from
Takara Bio Inc. (Shiga, Japan). Citrate synthase {CS) from porcine
heart, bovine gerum albumin, glucose oxidase, and catalase were pur-
chased from Sigma, All other chemicals were of analytical grade, and
solutions were made up in ultrapure water,

Proteins—Both wild-type end mutated PhPFDs were prepared by
reconstitution from purified subunits. Truncation mutant genes were
prepared by PCR amplification from the wild-type gene using the prim-
ers (wta, PHO527Fw 5'-CAT-ATG-ATA-AGG-ATG-GCT-CAG-AA-3°,
PHO527Rv 5'-GGA-TCC-CTAC-TTC-TTA-ACC-TTA-AAG-C-3"; tc8a,
PHO527Fw, PHO527te8Rv  5'-TTG-GAT-CCC-TAA-CTT-TGC-TTT-
TGC-TGT-A-3"; tn17a, PHO527tn17Fw 5'CAT-ATG-TAC-CAG-GTT-
TTA-CAA-GCT-CAA.G-3', PHO527Rv; wtg, PHO532Fw 5'-CAT-ATG-
CAG-AAC-ATT-CCT-CCC-CA-38’, PHU532Rv 5-GTC-GAC-TCA-GCC-
AGC-GGT-AGG-CGG-CC-3'; tc58, PHO532Fw, PH0532te5Rv 5"-GTC-
GAC-TCA-CCT-CAG-AGC-GGC-TTG-AAT-CTT-3'; tc68, PHO532Fw,
PHO532tc6Rv 5'-GTC-GAC-TCA-CAG-AGC-GGC-TTG-AAT-CTT-CTG-
3'; 78, PHO532Fw, PH0532te7Ry 5'-GTC-GAC-TCA-AGC-GGC-TTG-
AAT-CTT-CTG-AG-3"; te8p, PH0532Fw, PH0532tc8Rv 5'-TTG-TCG-
ACT-CAG-GCT-TGA-ATC-TTC-TGA-G-3"; tn108, PH0532itn10Fw 5'-
CAT-ATG-CTT-GGC-CAA-CTC-GAT-ACG-TAT-C-3', PH0532Rv). The
constructs were designated according to the terminus, number of resi-
dues, and subunit type that was mutagenized, as exemplified by tc8u, a
mutant & subunit with an 8-amino acid truncation from the C terminus,
and tnl7a, a mutant a subunit of with & 17-amino acid truncation from
the N terminus. The amplified DNA for the truncation mutant was
cloned into pT7Blue T. After sequence confirmation, the gene was
excised with Ndel end BamHI {« subunit) or Ndel and Sall {2 subunit),
and inserted into pET23b, A mutant B subunit, L1114, denoting an
amino acid substitution of Leu'*' by Ala, was prepared by a
QuikChange site-directed mutagenesis kit using the primers
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(PH0532L111AFw 5'-GAT-TCA-AGC-CGC-TGC-GAG-GCC-GCC-TAQ-
CGC-3', PHO532L111ARv 5'-GCG-GTA-GGC-GGC-CTC-GCA-GCG-
GCT-TGA-ATC-3"). The construct was also verified by DNA sequencing.

Each subunit was expressed in E. coli BL21(DE3). After removal of
most E. coli proteins by heat treatment at 80 °C for 30 min, it was
purified by anion exchange chromatography on a DEAE-Toyopear] col-
umn (Tosoh, Tokyo, Japan) using buffer A (50 mm Tris-HCl, pH 8.0, 0.1
mM EDTA) with a gradient of NaCl, and subsequent gel filtration on a
Hiload 26/60 Superdex 200 prep grade column (Amersham Bioc-
sciences) equilibrated with buffer A containing 150 mM NaCl. PhPFD
complexes were reconstituted by incubating the mixture of the purified
& and B subunits at the molar ratio of 1:2 at 80 °C for 830 min, The
reconstituted complex was purified by gel filtration on & Bio-Prep col-
umn {Bio-Rad). The purified complex contained a and 8 subunits at the
molar ratio of 1:2 as judged by SDS-PAGE analysis.

Chaperenina from Pyrococcus horikoshii QT3 (PhCPN), Thermococ-
cus sp strain KS-1 (TkCPN), and Thermus thermophilus HB8 (TthCPN)
were expressed and purified as described previously (17, 26).% Wild-type
prefoldin from M. thermoautotrophicum, MtPFD, was prepared as de-
scribed previously (22).

The GFP used in this report i3 a heat-stable mutant, with alanine
inserted in the N-terminal region, a His tag in the C-terminal region,
and amino acid substitution of F998, M153T, V163A, and L165F (5, 27).
It was purified as described previously (28),

Immunoprecipitation of Prefoldin with Anti-chaperonin Antibody—
The immunoprecipitation experiments were performed using IMMU-
NOcatcher (CytoSignal) to examine the interactions between the pre-
foldin and the chapercnin in the presence or absence of denatured GFP,
The anti-TkCPN antibody was used for the immunoprecipitation. Be-
cause of the high sequence homology between TkCPN and PhCPN, the
anti-TKCPN antibody can specifically immunoprecipitate PRCPN. The
preparation and purification of the antibody were described previously
(29). The sample solutions for the immunoprecipitation containing 7.0
pM PhPFD and 10 mym HCl-unfolded GFP (at the specified concentra-
tion) were mixed and incubated at 65 °C for 10 min prior to the addition
of 1.4 pv PhCPN. The samples were incubated at 65 °C for an eddi-
tional 10 min. Then, 10 p] of anti- TkCPN antibody was added to 210 ul
of the sample solution and incubated for 1 h at room temperature,
Protein A/G resin (10 pul) was then applied to the mixture and incubated
for 45 min. Proteing bound to the resin were collected by centrifugation,
washed, and resuspended in SDS-PAGE sample sclution. After incuba-
tion for 15 min, the bound proteins were collected by centrifugation and
then analyzed by SDS-PAGE.

Preparation of Fluorescent-labeled Proteins—We prepared a mutant
TkCPN with amino acid replacement of Asn*™ by cysteine
(TkCPN472C). This mutation site was selected on the basis of the
criterion that the residue is fully exposed to solvent, minimizing the
effect on the function of the chaperonin. TkCPN472C was treated with
§ mu dithiothreitol to reduce the cysteine residue. Dithiothreitol was
removed by gel filtration on a Sephadex G-25 column (Amersham Bio-
sciences) equilibrated with buffer B (25 mm HEPES-KOH, pH 7.4, 100
muM KCl, § mm MgCl,). TkCPN472C was labeled with Alexa Fluor 488
C, maleimide (Alexa488, Molecular Probes) for 30 min at room temper-
ature, PhPFD was labeled with Cy5 Mono-reactive Dye (Amersham
Biosciences) by incubation for 1h at room temperature, Amino groups
of PhPFD were modified with Cy5. The labeled TkCPN472C (488-
TkCPN) and PhPFD (Cy5-PhPFD) were separated from the unreacted
reagents by gel filtration. The extent of labeling was determined by
adsorption spectroscopy. The molar ratios of Alexad88 to TkCPN (16-
mer) and that of Cy5 to PhPFD (6-mer) were 2.6 and 0.9, respectively.
The 488 labeled TkCPN showed the same ATPase activity as that of the
non-labeled ThkCPN472C (data not shown), Cy5-PhPFD exhibited
nearly the same activity in protecting CS from thermally induced ag-
gregation compared with non-labeled PFD (data not shown),

Single-molecule Imaging of CPN-PFD Complex—100 nM 488-TkCPN
was incubated with 100 nM Cy5-PhPFD at 60 °C for 10 min in buffer A.
The resulting solution was diluted by 100-fold (i.e. 1 nm complex) with
buffer A containing the oxygen scavenger system (25 mM glucese, 2.5 uM
glucose oxidase, 10 nM catalase, and 10 mM dithiothreitol) and flowed
into a flow cell made from a glass slide and coverslip for the successive
fluorescent observation at room temperature.

The positions of individual 488-TkCPN and Cy5-PhPFD molecules
adsorbed on the glass slide were visualized by totzl internal reflection
fluorescence microscopy (TIRFM) (30). 488-TkCPN molecules were il-

#M. Okochi, H. Matsuzaki, T. Nomura, N. Ishii, and M. Yohda,
manuscript in preparation.
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Prefoldin is a jellyfish-shaped hexameric co-chaper-
one of the group II chaperonins. It captures a protein
folding intermediate and transfers it to a group II chap-
eronin for completion of folding. The manner in which
prefoldin interacts with its substrates and cooperates
with the chaperonin is poorly understood. In this study,
we have examined the interaction between a prefoldin
and a chaperonin from hyperthermophilic archaea by
immunoprecipitation, single molecule observation, and
surface plasmon resonance, We demonstrate that Pyro-
coccus prefoldin interacts most tightly with its cognate
chaperonin, and vice versa, suggesting species specific-
ity in the interaction. Using truncation mutants, we un-
covered by kinetic analyses that this interaction is mul-
tivalent in nature, consistent with multiple binding sites
between the two chaperones. We present evidence that
both N- and C-terminal regions of the prefoldin g sub-
unit are important for molecular chaperone activity and
for the interaction with a chaperonin, Qur data are con-
sistent with substrate and chaperonin binding sites on
prefoldin that are different but in close proximity,
which suggests a possible handover mechanism of pre-
foldin substrates to the chaperonin.

Molecular chaperones are ubiquitous proteins that are re-
quired for the correct folding, assembly, transport, and degra-
dation of proteins within the cell (1). One ¢lass of chaperones,
termed chaperonins, are seven- to nine-membered double ring
complexes of 800-1000 kDa that capture non-native proteins
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in their central eavity to promote correct folding in an ATP-de-
pendent manner (2-5). They are classified into two groups,
group I found in bacteria and organelles of eukaryotes, and
group II in archaea and in the cytoplasm of eukaryotes (6, 7).
The bacterial group I chaperonin, GroEL, is a cylinder-shaped
tetradecamer that is capped by the heptameric co-chaperone,
GroES (8-10). In contrast, the group II chaperonin exists as an
eight- or nine-rotaticnally symmetric double ring in a toroidal
structure composed of homologous subunits of about 60 kDa
and functions independently of a co-chaperone corresponding
to GroES (11, 12). The crystal structures of the group II chap-
eroning from the acidothermophilic archaeum Thermoplasma
acidophilum and the hyperthermophilic archaeum Thermococ-
cus sp. strain KS-1 suggest that the long helical protrusions
located at the opening of their cavities, in their apical domains,
play the equivalent role of GroES as a built-in lid of the cavity
(13-15). The archaeal chaperonin takes an open conformation
in the nucleotide-free or ADP-bound states and changes to a
closed conformation upon binding ATP (16, 17). Interestingly,
closure of the built-in lid of CCT,! the eukaryotic cytosol group
II chaperonin, is induced not by the binding but by the hydrol-
ysis of ATP (18).

The group II chaperonins cooperate with a co-chaperone,
prefoldin/GimC (19-21), Prefoldin (PFD} has been shown to
participate in the maturation of actin and members of the
tubulin family by transferring them in the incompletely folded
states to CCT. Although there is neither actin nor tubulin in
archaea, both prefoldin homologues and group Il chaperonins
have invariably been identified in all archaeal species (21, 22).
Archaeal prefoldin consists of only two species of subunits,
namely « and B, whereas eukaryotic prefoldins are composed of
two different but related « class subunits and four related g
class subunits. The crystal structure of the archaeal prefoldin
from Methanobacterium thermoautotrophicum (MtPFD) has
been determined at a resclution of 2.3 A (23). It resembles a
jellyfish in that its body consists of a double B-barrel assembly
with six long tentacle-like coiled-coils protruding from it. The

! The abbreviations used are: CCT, cytosolic chaperonin containing
TCP-1; PFD, prefoldin; PhCPN, chaperonin from P. korikoshii OT3;
PhPFD, prefoldin from P. korikoshii OT3; MtPFD, prefoldin from M,
thermoautotrophicum; GFP, green fluorescent protein; C5, citrate syn-
thase from porcine heart; SPR, surface plasmon resonance; TkCPN, «
chaperonin from Thermococcus sp. strain KS-1; TthCPN, chaperonin
from T. thermophilus HBS8; wta, wild-type PhPFD « subunit; wtg,
wild-type PhPFD g subunit; TIRFM, total internal reflection fluores-
cence microscopy; RU, resonance unit(s),

This paper is available on line at http://www.jbc.org
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luminated with a semiconductor lagser (6.0 milliwatts, 473 nm, model
ML0250A; Nippon Avionie Co. Inc., Tokye, Japan), Cy5-PhPFD mole-
cules were illumingted with & He-Ne laser (2.8 milliwatts, 632.8 nm,
maodel GLG5350; NEC Co., Tokyo, Japan), The fluorescence emission
from the specimen was collected with an oil-immersion microscope
objective {1.40 numerical objective, X100, PlanApo; Olympus, Tckyo,
Japan). Images were taken by a silicon-intensified tube camera
(C2400-08, Hamamatsu Photonics, Shizuoka, Japan) coupled to an
image intensifier (VS4-1845, Video Scope International) and recorded
on videotapes for subsequent analysis. At least two fields of images
were recorded for each assay, and statistical enalysis was made from
five independent assays. The positions of 488-TkCPN and Cy5-PhPFD
at the same fields were marked individually using Scion Image software
(Scion Corp.).

Surface Plasmon Resonance Detection of Prefoldin-Chaperonin Inter-
action—The surface plasmon resonance experiments were performed
with a Biacore J biosensor system (Biacore AB, Uppsala, Sweden) at the
sensor temperature of 25 °C. PhPFD or PhCPN was coupled to the
gensor chip (CM5 research grade) via standard N-hydroxysuccinimide
and N-ethyl-N-(dimethylaminopropyl)carbodiimide activation. For im-
mobilizing chaperonins, 190 pl of 50 ug/ml protein in 10 mm sodium
acetate (pH 5.0) was injected on the sensor surface. 190 ul of 6 ug/ml
prefoldin in 10 mM potassium phosphate buffer (pH 7.5) was injected on
the sensor surface to immobilize prefoldin. Ethanolamine was then
injected to quench the unreacted N-hydroxysuccinimide groups, The
mobile phase buffer used was HBS-EP buffer (10 mm HEPES, pH 7.4,
150 mm NaCl, 3 mym EDTA, and 0.005% surfactant P-20). Analytes were
injected at various concentrations, and the bound analytes were re-
moved by washing with buffer 180 s after the injection.

Kinetic Analysis of Sensorgram Data—Kinetic constants were calcu-
lated from the sensorgram with BIAevaluation software, version 3.1
(Biacore), according to the global fitting model. The response curves for
various analyte concentrations were globally fitted to several binding
models provided with the above software. Apparent rate constants (&,
and &, for the first step; k., and &, for the second step) were
calculated based on the best, fitted model, the bivalent model (first step:
L+AeL-A;second step: L-A + Lo L,-A(L:ligand, A: analyte)),
Dissociation constants (K,,) were calculated by the resonance unit at
equilibrium using the equation, R, = R, * CAC + K, where R _, is
equilibrium resonance units, R, . is the resonance signal at saturation,
and C i3 the concentration of free analyte. By dividing the K}, values by
that for the wild-type PhPFD, relative X, values were calculated.

Thermal Aggregation Measuremenis of CS—Thermal aggregation of
CS from porcine heart was monitored by measuring the light scattering
at 500 nm with a spectrofluorophotometer (RF-5300PC, Shimadzu,
Kyoto, Japan) at §0 °C with continuous stirring. Monitoring started
after addition of C$ (80 nM as & monomer) to 50 mm Tris-HCI buffer, pH
8.0, with or without 240 nM of wild-type or mutant PhPFD complexes
preincubated at 50 °C. Activity for protecting CS from thermal agpre-
gation was defined as the relative reduction of light scattering by the
presence of PhPFD complexes after 200 s.

Fluorometric Monitoring of GFP Refolding—The refolding of GFP
denatured in 12.5 mm HCl was monitored by the fluorescence at 510 nm
with excitation at 396 nm using a spectrofluorophotometer (RF-
5300PC). Fluorescent measurements were initiated with the addition of
15 pM native or acid-denatured GFP (10 ul) into 1.5 ml of dilution buffer
(50 mm Tris-HCI, pH 8.0, 100 mym KCI, 5 m¥ dithiothreitol, and 25 mm
MgCl,) at 60 °C and under continuous stirring. To observe the chaper-
one activities, PhPFD complexes were added in the dilution buffer at a
molar ratio of 1:5 {denatured GFP:prefoldin). Activity for arresting GFP
refolding was defined as the relative reduction of fluorescence by the
presence of PhPFD complexes after 600 s.

Other Methods—Proteins were analyzed by polyaerylamide gel elec-
trophoresis on polyacrylamide gels containing SDS (SDS-PAGE) or
polyacrylamide gels without SDS (Native-PAGE), Gels were stained
with Coomassie Brilliant Blue R-250. Protein concentrations were
measured by the method of Bradford with bovine serum albumin as the
standard (31).

RESULTS

Substrate-independent Interaction of Archaeal Prefoldin
with Its Chaperonin—A major question regarding the funec-
tional nature of the interaction between prefoldin and its cog-
nate chaperonin is whether ternary complexes involving a sub-
strate protein are required for efficient prefoldin-chaperonin
interactions to take place. A potential affinity between the
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FiG. 1. In vitro immunoprecipitation of prefoldin with anti-
chaperonin antibody. The immunoprecipitation experiment was per-
formed using anti-ThCPN antibodies as for the following samples and
analyzed by SDS-PAGE: PhCPN (/ane 1), PhCPN and denatured GFP
{lane 2), PhPFD, denatured GFP, and PhCPN (lane 3), PhPFD, 15-fold
amount of denatured GFP and PhCPN (lare 4), PhPFD and PhCPN
{lane 5), and PhPFD (lane 6). The concentrations of PhCPN, GFP, and
PhPFD were 1.4, 7.0, and 7.0 uMm, respectively {molar ratios, PhCPN:
GFP:PhPFD = 1:5:5). The concentration of GFP was 21.0 uM in lane 4.
The proteins were mixed and incubated at 65 °C for 10 min with the
components mentioned above. For lane 3 and 4, PhPFD and GFP were
mixed and incubated at 65 °C for 10 min prior to the addition of PhCPN.
GFP, CPN, and PFD are controls for GFP, PhCFN, and PhPFD, M,
maolecular standard (83, 62, 47.5, 32.5, 25, 16.5, and 6.5 kDa),

chaperonin and prefoldin from P. horikoshii (PhCPN and
PhPFD, respectively), in the presence or absence of a dena-
tured substrate protein, was investigated using immunopre-
cipitation experiments. Using purified chaperone components,
immunoprecipitations were carried out with an antibody (anti-
TkCPN), which apecifically recognizes PhCPN, and analyzed
by SDS-PAGE (Fig. 1). In the absence of the denatured protein
substrate, an interaction between PhPFD and PhCPN was
observed (Fig. 1, lane 5). In contrast, a control experiment
showed that only a trace amount of PhPFD was immunopre-
cipitated by anti-chaperonin antibody in the absence of PhCPN
(lane 6). When PhCPN was mixed with PhPFD preincubated
with acid-denatured GFP (a known substrate for PhPFD; see
Ref. 26), both PhPFD and the denatured GFP were co-precip-
itated with PhCPN (lane 3). Even in the presence of excess
denatured GFP (final concentration; 21 um), the amount of
co-precipitated PhPFD was not altered (lane 4). Together, these
resulty supggest that the archaeal prefoldin directly interacts
with the chaperonin and that the interaction is not substan-
tially affected by the presence of denatured proteins.

Single Molecule Observation of Prefoldin and Chaperonin
Complex Formation—We next sought to confirm the interac-
tion between the archaeal prefoldin and a chaperonin by di-
rectly observing their association at the level of a single mole-
cule. The a chaperonin from Thermococcus sp. strain KS-1

-(TkCFN) was used in this experiment, because we previously

determined its erystal structure (15), which enabled us to select
an appropriate position for labeling with a fluorescent dye
(Alexa488). Equimolar amounts (100 nM) of fluorescently la-
beled TkCPN (488-TkCPN) and Cy5-labeled PhPFD (Cy5-
PhPFD) were incubated at 60 °C, where both protein complexes
are stable, and their individual signals were observed on a slide
glass using a total internal reflection fluorescence microscopy
(TIRFM) system (30} (Fig. 2). The location of TkCPN was
identified by the fluorescence of Alexa488 and that of PhPFD
by the fluorescence of Cy5, respectively. Approximately 30% of
the Alexa488 spots were found to be superimposed on Cy5
spots, directly indicating that a significant fraction of the two
chaperones formed binary complexes in the absence of sub-
strate. Our findings indicate that, as with the eukaryotic pre-
foldin-chaperonin system (24, 32), the archaeal counterparts
likely cooperate through direct interactions to facilitate the
folding of non-native polypeptides.
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(A)
Alexa488

(B)
Alexad88

Fic. 2. Fluorescence micrographs of the complexes between
488-TkCPN and Cy5-PhPFD, Both upper and lower panels (A and B)
were obtained from the same field. 488-TkCPNs are observed in the feft
panels (Alexa488 fluorescence), and Cy5-PhPFD are also identified in
the right panels (Cy5 fluorescence). The co-incident spots, which repre-
sent the prefoldin-chaperonin complexes, are marked by the arrews in
the right panels. The final concentrations of 488-TkCpn and Cy5-
PhPFD were both 1 nM. The scale ber represents 5 pm.

Surfoce Plasmon Resonence of the Binding of PhPFD and
PhCPN—To assess the interaction kinetics between the ar-
chaeal prefoldin and a chaperonin, we monitored their binding
and release by surface plasmon resonance using a Biacore
system. When PhCPN was immobilized on the sensor chip,
PhPFD produced a concentration-dependent signal (Fig. 34).
The interaction was found to be reversible, because the signal
returned to a base level ~200 s after the removal of PhPFD.
When PhPFD was immobilized, the signal also augmented
when an increasing concentration of PACPN was added to the
mobile phase (Fig. 3B). The release of PhCPN was slow, how-
ever, and a considerable amount of PhACPN remained on the
sensor chip even 200 s after the wash with buffer (Fig. 3B).

The binding curves were fitted using various models using
the BlAevaluation 3.1 software; when either PhPFD or PhCPN
were immobilized on the sensor, the best fits were obtained
with the bivalent analyte model (Fig. 3, A and B). Global
fittings of the data using the bivalent model yielded yd values
of 23.3 for immobilized PhCPN and 6.99 for immobilized
PhPFD, respectively, which were ¢ptimal compared with all
other tested models, Apparent association and dissociation rate
cestants obtained from the fitted data models are shown in
Table I. The rate constants for the first step (L + A & L - A) for
both experiments using PhPFD and PhCPN immobilized sen-
sor chips are close to each other, but not identical. The discrep-
ancy may be explained at least in part by the difference be-
tween the fitted model and real interaction mechanism and
requires further investigation to obtain the actual kinetic con-
stants for the interaction between PhPFD and PhCPN. The
dissociation constant (Kj), obtained using the data from immo-
bilized PhCPN, was calculated to be 26.4 nM by the resonance
unit at equilibrium. Although the conditions of binding may not
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F16. 3. Sensorgrams of affinity measurements between Ph-
CPN and PhPFD by surface plasmon resonance spectroscopy. A,
PhCPN was immobilized on a Biacare biosensor chip to be 19,000 RU,
and PhPFD at 0.01, 0.03, 0.05, 0.07, and 0.09 pM were injected as the
analytes. B, PhPFD was immobilized on a Biacore biosensor chip to be
4,500 RU, and 0.025, 0.05, 0.10, 0.15, and 0.25 uM PhCPN were injected
as the analytes. Sensorgrams with different concentrations of prefoldin
and fitting to the bivalent analyte medel are indicated by solid and
dotted lines, respectively.

TasLE I
Association and dissociction rate constants between PhCPN and
PhPFD obtained by SPR
Ligand PhCPN PhPFD
By (MY, 871 5.39 x 10°* 158 x 10*
ko (871 2.74 % 1072 2.23 x 10~2
k ,(RU"L ™D 5.4 x 1078 1,183 x 107%
ko2 (s 3.47 x 1072 6.41 X 1074

reflect the proper physiological environment in which the in-
teraction takes place (e.g. temperature among other factors),
the value for the dissociation constant is suggestive of a par-
ticularly tight association between the two chaperones. This
tight interaction is consistent with our above immunoprecipi-
tation and single molecule observation results.
Species-specific Interaction between Archaeal Chaperonin
and Prefoldin—To_evaluate whether the interaction between
an archaeal prefoldin and a chaperonin demonstrates specific-
ity, we compared by surface plasmon resonance the affinities of
PhPFD to two other chaperonins. Compared with PhCPN, the
affinity of the archaeal chaperonin TkCPN was found to be
~10-fold reduced. In addition, & group 1 chaperonin from Ther-
mus thermophilus HB8 exhibited little or no detectable inter-
action with PhPFD (Fig. 4A4). Importantly, the affinity of Mt-
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Fic. 4. Comparison of the interaction between prefoldin and
chaperonin from different sources. A, PhPFD was immobilized on
a Biacore biogensor chip to be 10,736 RU, and PhCPN, TkCPN, and
TthCPN at 0.05 uM were injected as the analytes. B, PhCPN was
immeobilized on a Biacore biosensor chip at 9000 RU, and PhPFD and
MtPFD at 0.5 uM were injected as the analytes,

PFD for PhCPN was also found to be highly reduced compared
with that of PhPFD for the same chaperonin (Fig. 4B). To-
gether, these data validate our above finding of a bona fide,
specific interaction between PhPFD and PhCPN and suggest
that the chaperone interactions are species-specific.

The Substrate Binding Site of the Prefoldin Is Located at the
Dista! Ends of the Coiled-coils—The unique jellyfish-like struc-
ture of prefoldin suggests that this chaperone can encapsulate
substrates within a rectangular cavity defined by its lengthy
coiled-coils (Fig. 54) (23}, Indeed, large truncations of the distal
regions of both eukaryotic and archaeal prefoldin subunits
severely affect the abilities of the mutated hexameric com-
plexes to interact with non-native proteins (24, 25). Moreover,
unfolded actin has been visualized by electron microscopy to
occlude the entrance of the eukaryotic prefoldin cavity (24).
However, it is unclear where the precise substrate binding site
exists in either archaeal or eukaryotic prefoldin. To shed light
on this question, we prepared a variety of truncated PhPFD
subunits and tested their chaperone activity by measuring
their ability to prevent the aggregation of heat-denatured eit-
rate synthase (CS) and to inhibit the spontaneous refolding of
acid-denatured green fluorescent protein (GFP), as previously
described (26). Wild-type PhPFD efficiently protects CS from
thermal aggregation (Fig. 5B) and prevents the renaturation of
GFP (Fig. 5C). A hexameric PhPFD complex containing 8 sub-
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units with a 5- or 6-amino acid truncation from the C terminus
(tc58 or tcBB, respectively) had almost the same ability to
interact with the two non-native substrates as the wild-type
(Table II}. The effect of an 8-amino acid truncation from the C
termini of the « and B subunits (tc8a and te88, respectively)
were then examined (Fig. 5). The PhPFD complex containing
mutant 8 subunit (tc83) failed to efficiently suppress the ther-
mal aggregation of CS and had little ability to prevent GFP
refolding (Fig. 5, B and C). On the other hand, the truncated «
subunit showed no observable effect on CS aggregation or GFP
refolding (Fig. 5, B and C). Given that the removal of 5 or 6
residues from the C terminus of the PhPFD § subunit had little
effect but deletion of 8 residues had a considerable effect on the
chaperone activity of the complex, we conclude that Leu'!! and
Ala''? of the last 8 amino acids (Ala'!®-Leu'!'-Arg!'%Pro!1%
Pro'!*-Thr''*-Ala'-Gly''".COOH) are important for chaper-
one-substrate interactions, Consistent with this result, amino
acid replacement of Leu!!! to Ala partially affects substrate
binding (Table II). Importantly, residues from the N terminus
of the 8 subunit were also found to be important for substrate
binding as a prefoldin complex containing a 10-residue trunca-
tion in the g subunit (wtetnl108) was found to have compro-
mised chaperone activity (Table II).

The contribution of the « subunit to chaperone activity was
found to be important but somewhat less critical. The 8-amino
acid C-terminal truncation of « subunit (tc8a) had almost no
effect on the molecular chaperone activities of the PhPFD com-
plexes with wild or truncated 3 subunits. However, a complex
containing a 17-amino acid N-terminal truncation from the o
subunit (tn17.} affected the ability of prefoldin to prevent the
aggregation of CS, while not having an chservable effect on
GFP refolding.

Effects of PRPFD Truncations on the Interaction with Ph-
CPN—From a recent electron microscopy image of eukaryotic
prefoldin bound to the CCT chaperonin, presently unidentified
distal regions within (one or more) “tentacles” of prefoldin are
likely to contact the chaperonin cylinder (24). The recombinant
subunits bearing truncations therefore allowed us to test which
of the one or more regions within the coiled-coils of archaeal
prefoldin interact with the chaperonin. We examined the inter-
action of the truncated mutants with PhCPN by surface plas-
mon resonance (SPR) using the chaperonin-bound sensor chip.
A PhPFD complex lacking 8 C-terminal residues within the o
subunit (te8ewtf) exhibited almost the same binding response
as that of the wild-type complex (Fig. 64). Importantly, analy-
sis of a prefoldin complex lacking 8 C-terminal residues in the
B subunit revealed that this distal end region was critical for
the interaction with PhCPN (Fig. 6, B and C).

Dissociation constants (K;,) between PhPFD mutants and Ph-
CPN were calculated by the resonance unit at equilibrium. The
K, values of the various mutant PhPFD complexes are repre-
sented in Table III in relation to the K, values of wild-type
PhPFD. Interestingly, the relative K, values were found to in-
crease in a stepwise manner with the removal of 5 to 7 C-
terminal residues in the 8 subunit (Table ITI). A mutant complex,
wtatch3, has nearly the same affinity for PhCPN, but that of
wiateTf is decreased ~10-fold. Remarkably, the residue Logd"’
was found to be critical for the interaction of PhPFD with Ph-
CPN, because its mutagenesis to alanine resulted in a similar
decrease of affinity compared with the deletion of 8 C-terminal
amino acids. The N-terminal region of the g subunit was also
found to be important for chaperonin interactions, because a
10-amino acid deletion (wtatn108) showed substantially reduced
binding to the chaperonin (15-fold higher relative K,,). On the
other hand, a prefoldin complex containing the wild-type 3 sub-
unit and 8- or 17-amino acid truncation in the C- or N-terminal
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Fii. 5. Effects of B-amino acid truncations from the C terminus
of prefoldin subunits on their activities for the protection of CS
from thermal aggregation and arresting spontaneous refolding of
GFP. A, structure of prefoldin (asymmetric unit). N and C termini of o
and 8 subunits are designated as Na, Ca, NS, and CB, respectively. The
coordinates are from the Protein Data Bank code 1FXK (23), and the
figures were drawn with Viewer Light (Accelrys). B, thermal aggregation
of CS from porcine heart was monitored by measuring the light scattering
at 500 nm with & spectroflucrophotometer at 50 °C with continuous stir-
ring. Monitoring started with the addition of CS (B0 nM a8 a monomer) to
50 mM Tris-HCl buffer (pH 8.0) preincubated at 50 °C without (open
square) or with 240 ny wild-type PhPFD (open circle), wtatc88 (close
circle), teBowtf {open triangle}, or teBate8 8 (close triangle). C, GFP folding
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TasLE II
Relative activities of mutated PhPFDs for the protection of CS from
thermal aggregation and arrest of GFP spontaneous refolding

Refolding of acid-denatured GFP in the presence or absence of PRPFD
derivatives at a molar ratio of 1:5 was monitored by the fluorescence at
510 nm with excitation at 396 nm using a spectroflucrophotometer.
Relative suppression of fluorescence recovery at 500 s against wild-type
was calculated. Thermal aggregation of CS in the presence or absence of
PhPFD derivatives at a molar ratio of 1:5 was monitored by measuring
the light scattering at 500 nm with a spectrofluorophotometer at 50 *C.
Relative suppression of CS aggregation at 200 s against wild-type was
caleulated.

FhPFD GFP, relative suppression CS, relative
—_— of spontaneous suppression of
a subunit A aubunit refolding thermal aggregation

% %
wta wtg 100 100
wta te583 102 99
wie te53 101 100
wta te7s 65 101
wia tc88 63 24
wta L111AB T as 92
tcBa Wt 97 102
te8a te5h 102 100
teBa tc6p 90 100
teBe te?3 65 100
te8e te83 43 0
teBa L111IAB 99 95
wt o Tnl0B 26 78
tnl7a wif 85 46
tnl7¢ Tnl0f 38 55

regions of the a subunit (tcBawtf and tnlTawtp, respectively)
had little effect on its interaction with chaperonin. Given the
possible co-axial binding of multiple prefoldin tentacles to the
apical regions of the chaperonin toreid (24), we tested the effect of
combined & and B subunit truncations on chaperonin binding,
Truncations of the 8 subunit in the tc8a background, i.e. te8atc(5,
6, 7 or 8)B, revealed an additive loss of affinity for the chaperonin
when compared with the te8a mutant subunit by itself (Table
IID). These data strongly suggest that both subunits bind the
chaperonin cooperatively.

DISCUSSION

In this study, we have studied the interaction between the
prefoldin and a chaperonin from hyperthermephilic archaea by
immunoprecipitation, single molecule observation, and SPR.
We observed complex formation between PhPFD} and PhCPN
by immunoprecipitation with anti-TkCPN antibody (Fig. 1). In
the single molecule observation using TIRFM, a significant
number of chaperonin molecules made complexes with prefol-
din molecules (Fig. 2). Both M. thermoautotrophicum and
P. horikoshii archaeal prefoldin complexes can stabilize non-
native proteins and transfer them to a chaperonin for folding to
the native state (22, 26). In vivo, the interaction with the
chaperonin may therefore facilitate the specific and efficient
handover of an aggregation-prene polypeptide to a chaperonin
in such a manner as o prevent inappropriate interactions with
cellular components.

The kinetics of the reaction between prefoldin and chapero-
nin was studied using SPR. Simulated curves of the bivalent
analyte model were best fit to the experimental curves (Fig. 3,

was monitored by the fluorescence at 510 nm with excitation at 396 nm
using & spectrofluorophotometer. GFP was denatured in 12.5 mM HCL.
The fluorescence measurement was started with addition of 15 pum
native or denstured GFP (10 ul} into 1.5 ml of dilution buffer (50 mM
Tris-HC), pH 8.0, 100 myM KCl, 5 mMm dithiothreitol, and 25 mm MgCl,)
and was preincubated at 60 °C and under continuous stirring without
PhPFD {open square) or with 500 nM of wild-type PhPFD (open circle),
wtatcBf (clese circle), teBawtp (open triangle), or tcBate8p (close trian-
gle) at a molar ratio of 1:5 {denatured GFP:prefoldin).
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Fic. 6. Effects of mutations in PhPFDs on the interaction with
PhCPN., PhCPN was immobilized on a Biacore biosensor chip and
PhPFDa (tc8awtfl (A), wtate83 (B), or teBac8a (C)) at 0.01, 0.03, 0.05,
0.07, and 0.09 M were injected as the analytes.
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TasLE IIT
K, values for the interaction between the mutant PRPFDs and PRCPN
K, values were calculated by the resonance unit at the equilibrium.
Relative K, values were calculated by dividing the K, values by that of
the wild-type PhPFD.

PLPFD
Kn Relative Kp
a subunit 8 subunit

0"
Wta wtj 2.63
Witex tebp 4.59 1.74
Wta tc68 11.0 4.18
Wt te7 28.8 11.0
Wta tc8 308 11.7
Wte L117AR 42.9 16.3
TeBa wtg 2.13 0.81
TeB8x tehg 355 13.5
TeBa te68 26.0 9.89
TeBa 78 57.7 219
TecBa tc88 69.3 26.3
TeBa L117A8 84.9 322
Wta tnl0p 44.7 17.0
tnl7a wtp 2.03 0.77
tnl7a tnl0p 18.1 5.88

A and B). It is thought that prefoldin and chaperonin interact
through six coiled-coils of prefoldin and eight apical domains of
the chaperonin. Thus, it is reasonable that the interaction is
most optimally fitted by the multivalent model. The kinetic
constants calculated from the sensorgrams with PhCPN- and
PhPFD-immobilized sensor chips are different. It might be
partly due to the irreversibility of the sensorgram obtained
with the PhPFD-immobilized chip, which is likely to be caused
by the binding of PhCPN to multiple PhPFDs on a chip.

In this study, we obtained evidence for a species-specific
interaction between prefoldin and its cognate chaperonin. De-
spite the high sequence homology between TkCPN and PhCPN,
their affinities for PhPFD were considerably different, Al-
though we demonstrated cooperation between PhPFD and Tth-
CPN in the previous paper, we could not observe significant
interaction between PhPFD and TthCPN by SPR. Recently, we
have found that the binding between PhPFD and substrate is
in dynamic equilibrium.? Thus, it might be that the substrate
was not directly transferred to TthCPN, but that protein re-
leased from PhPFD was captured by TthCPN.

Both N- and C-terminal ends of § subunit are critical for
interaction with unfolded proteins and chaperonins. In partic-
ular, the binding site in the C-terminal region was localized to
the C-terminal 8 amino acid residues of § subunit (Ala!!%.
Leu!'l-Arg!12.Pro!1%.Pro! 4. Thr!1%.Ala!15.Gly' "-COOH). Spe-
cifically, Ala*t? and Leu!!! appear to be essential for the inter-
action of prefoldin with unfolded proteins. Although we show
that the hydrophobicity of Leu'!! is important for the interac-
tion, its contribution is only marginal (Table II). For the inter-
action with PhCPN, K, gradually increased with the deletion
from 5 to 7 amino acids. Thus, the binding site for the chap-
eronin is adjacent to that of an unfolded protein, which may
correlate with the effective handover of an aggregation-prone
polypeptide to a chaperonin, The main difference between sub-
strate recognition and chaperonin binding is the lowered affin-
ity for chaperonin of teBate5g, which exhibits almost same
affinities for CS and GFP as that of the wild-type. We have
observed acceleration of release of substrate from the prefoldin
by chaperoning.” The effect was not observed for the mutant
PhPFD complex, tc8atc58t, which correlates with the decrease
of the affinity with the chaperonin, Therefore, there is likely to
be eooperation between « and 3 subunits in the interaction

4T, Zako, R. lizuka, M. Okochi, T. Ueno, H. Tadakuma, M. Yohda,
and T. Funatsu, manuscript in preparation.
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with a chaperonin, which is important for the substrate han-
dover to the chaperonin,

A ternary complex of the prefoldin, a chapercnin, and a
substrate protein should occur transiently during the substrate
handover from the prefoldin and chaperonin. Thus, it is rea-
sonable that the interaction between the prefoldin and the
chaperonin is affected by the presence of a substrate protein.
Contrary to our expectation, almost no significant difference
was observed in the immunoprecipitation experiment between
the presence and absence of denatured proteins (Fig. 1). To
elucidate substrate handover mechanism, the affect of a sub-
strate protein on the kinetics for the interaction between the
prefoldin and chaperonin should be examined in more detail.
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Abstract

A novel approach of fabricating sub-10-um pattemns on silicon surfaces by electron beam (EB) lithography for attachment of
oligonucleotides was described. The shape of the microfabricated arrays was obscrved to be regular by optical microscopy. An
octadecyltrimethoxysilane (ODS) menolayer was deposited on the regions outside the patterned areas to minimize the nonspecific binding of
biomolecules. Cy S-labeled target DNA was hybridized to both complementary and noncomplementary oligonucleotides that were covalently
anchored to micropattems. As a result, the micropatterns where specific binding occurred show strong signals, whereas no signals are observed
in the case of nonspecific binding. These data indicate that miniature micro- and nano-arrays will find applications in biochips and biosensors.
© 2004 Elsevier B.V. All rights reserved.

FACS: 85.40.Hp Lithography, masks and pattern transfer; 87,14, Gg DNA, RNA; 32.40.Np Temporal and spatial paticms in surface reactions; 81.16. Dn

Sclf-assembly

Keywords. Electron beam lithography: Fabrication; Micropatterns; DNA; Attachment: Fluetescence detection

1. Introduction

DNA microarrays have extensively been applied to the
development of techniques for disease diagnosis, drug dis-
covery, DNA sequencing, and gene expression [1,2]. There
are two main approaches to creating DNA arrays on glass
surfaces. One approach is to utilize a photolithography
technique to position DNA oligonucleotides on the arrays
[3]. Using this method, oligonucleotides are synthesized
directly on the arrays by numerous cycles of photodeprotec-
tion and sequential masks. Another approach is to attach
presynthesized DNA probes onto designated areas on a solid
substrate [4]. In this approach, presynthesized oligonucleo-
tides arc patterned onto a chemically active surface and
immobilized by introducing functional groups. Many differ-
ent types of materials have been used as substrates for DNA
attachment including glass slides [5.6], gold [7,8], silicon [9-
12], and diamond [13,14]. Among these materials, silicon

* Comesponding author. Tel: +81-3-5286-9067; fax: +81-3-5286-
9076.
E-mail address: zhang@kaw.comm.wascda.ac.jp (G.-J. Zhang).

0040-6090/% - see front matter © 2004 Elscvicr B.V. All rights reserved.
dei:10.1016/.1s£.2004.06.057

wafers have less surface roughness, resulting in the uniform
deposition of short DNAs at a high density with the devel-
opment of high-resolution lithography techniques [15].
Therefore, it is important to explore the potential of minia-
turizing DNA arrays with a high density of biochip elements
and small amounts of reaction reagents on the silicon surface.

Compared with conventional microarray technology, the
fabrication of microarrays using EB lithography can allow
us to precisely deposit biomolecules (DNA/protein) on a
substrate and yield controlled homogeneous spots, resulting
in high detection sensitivity and massive parallelization. In
our previous study, we demenstrate that micropatterns can
be fabricated on a resist on silicon surfaces by EB lithog-
raphy for DNA immobilization [16]. In the protocol, after
EB lithography, the patterns are activated and modified with
3-aminopropyltriethoxysilane (APTES) to generate amino
groups, After the resist film is completely remeved, amino-
terminated patterns are obtained on silicon surfaces. These
patterns are then functionalized with cligonucteotides. How-
ever, APTES is a small molecule and does not form an
oriented self-assembled monolayer rather, it forms a multi-
layer packed within the amino-modified patterns. After the
removal of the resist, some APTES molecules on the top of
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the multilayer occupy areas where resist exists, thereby
leading to irregular fluorescence patterns. Thus, it is difficult
to fabricate smaller arrays by this method.

In this paper, we present an alternative method of
fabricating sub-10-pm patterns on silicon substrates by EB
lithography for attachment of oligonucleotides. The resist
micropatterns were fabricated by EB lithography. An octa-
decyltrimethoxysilane (ODS) menolayer was deposited on
the surface after the fabrication of the resist patterns. The
amino groups were introduced to the resist-patterned areas
after the resist was removed. Oligonucleotides were cova-
lently attached to amino-modified micropatterns using
crosslinker molecules, Fluorescence signals were obtained
to determine hybridization specificity by epi-fluorescence
microscopy. The resulting fluorescence pattems indicate that
DNA microarrays fabricated by this method show more
precise control over pattern size, shape, and pitch than those
fabricated by our previous method [16]. More importantly,
using this protocol, DNA nano-arrays have also been
observed, which is more effective than the previous method.

2, Experimental

All the oligenucleotides used were purchased from the
Sigma Genosys Japan {Hokkaido, Japan). The complemen-
tary and noncomplementary oligonucleotides used for im-
mobilization were amino-modified at the 5 end, and
oligonucleotides employed for hybridization to the surface
were Cy 5-labeled at the 5 end. Each of these oligonucleo-
tides was 21 mer in length. The three 21-mer sequences
employed were

H2N-5-CCACGGACTACTTCAAAACTA-3'-
(complementary),
H2N-5-ATCGATCGATCGATCGATCGA-3 (non-com-
plementary),

Cy 5-5-TAGTTTTGAAGTAGTCCGTGG-3'(target).

Resist

Sig,

Si
Resist deposition

Amino-modified area

Amino modification

EB lithography

DNA attachment

All the chemicals and solvents used were purchased from
Kanto Chemical (Tokyo, Japan) except APTES, ODS, and
ethyltriethoxysilane which were from Acros (USA), and the
resist and remover which were from Shipley (USA). The
wafers used for the experiments were n-type Si (100)
wafers. Ultrapure water was obtained from a Millipore
system,

2.1. Microfabrication by EB lithography

A resist film was coated on a Si0; layer as described
previously [16]. The resist micropatterns were fabricated
with a 20-KeV focused electron beam (EB) using the
Hitachi-modified S-4200 electron beam lithography system.

2.2. Chemical vapor deposition (CVD)

After the patterning, the surface was activated by
freatment with a mixture of ammonium hydroxide/hydro-
gen peroxide/water, and an ODS monolayer was deposited
on the substrates at 110 °C for 3 h in N, atmosphere by
chemical vapor deposition (CVD). The surface was then
washed with chloroform for 10 min by ultrasonication. The
substrate was immersed in a solution of 1 mM ethyl-
triethoxysilane (ETS) in ethanol for 1 h and washed with
ethanol by ultrasonication. The hydrophobic ODS mono-
layer prevented the unspecific binding of biomoleclues. -

2.3. Attachment of DNA to microfabricated arrays

The resist was totally removed by immersing the speci-
men in the remover overnight, leaving micropatterns in the
ODS monolayer. Then the substrates were rinsed with
acetone (1 X 5 min), ethanol (1 X 5 min), and H,O (1 x5
min) by ultrasonication. The micropatterns were activated by
immersing them in a solution of NH,OH/H,0,/H,0 (1:1:4)
for 5 min. The substrates were finally rinsed with H,O and
dried. The surface modification and immobilization of the 5

0ODS monolaye'r by CVD

Hybridization

Fig. 1. Schematic diagram of attachment of oligonucleotides to micropatterns fabricated by EB lithography.
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gy

20 pm

Fig. 2. Optical images of microarrays fabricated by EB lithography. (3) Overview of microarrays (diameter: 5 pm, pitch: 20um); (b) magnificd view of single dot.

amino-modified probe DNA on the micropatterns were
carried out using our previous protocel [16].

2.4. Hybridization

The DNA-modified micropatterns were exposed to 1
ul of 1 uM Cy 5-labeled DNA complement in a solution
of 2 X 88C and 0.2% SDS, and hybridized at 59 °C for 3
h in a humid chamber. The hybridized surfaces were then
washed with 2 x SSC containing 0.2% SDS, 2 x §5C, and
0.2 x 88C, respectively. The micropatterns were finally
imaged by epi-fluorescence microscopy.

3. Results and discussion

The scheme for attaching DNA onto the micropattemns by
EB lithography is shown in Fig. 1. To observe the shape of
the micropatterns fabricated by EB lithography, the micro-
patterns were imaged by optical microscopy. As shown in
Fig. 2, the pattern is 5 x 5 pm® (Fig. 2b), and the pitch
between two patterns is 20 um (Fig. 2a). The shape of each
individual micropattem is regular and the corresponding
arrays are uniform. The images obtained indicate that
microfabrication based on EB lithography can be achieved
with a well-ordered array, pointing to the possible produc-
tion of nanopatterns using this technique.

10 um

Sequence specificity was examined with an epi-fluores-
cence microscopy by applying Cy 5-labeled target DNA to
the immobilized probe DNA within micropatterns. The Cy
S-labeled target DNA was hybridized to the micropatterns
immobilized with complementary and noncotnplementary
scquences. The resulting fluorescence images show that the
unspecific binding of the noncomplementary probe io the
target DNA labeled with Cy 5 yielded no signals (Fig. 3b).
However, sufficiently bright fluorescence patterns have
been observed, indicating that hybridization occurred due -
to the specific binding of the probe complementary to the
target (Fig. 3a). Clearly, the fluorescent micropatterns are
homogenous in size and shape, corresponding to the mico-
patterns imaged by optical microscopy. These results indi-
cate that the micropattemns are covalently immobilized with
the probe DNA, hybridization specifically occurs due to
DNA-DNA interactions, and controlled uniform spots are
achieved by our method.

Furthermore, sequence-specific binding likewise leads to
strong fluorescent signals visualized within nanofabricated
patterns (Fig. 3c). As shown in Fig. 3¢, the diameter of
individual spot is 500 nm, and the pitch between two spots
is 5 pm. However, Fig. 3¢ shows a slightly stronger
background than Fig. 3a, likely because much fewer probe
molecules are assembled within a 500-nm-size spot and a
much lower signal-to-noise ratio is obtained than that in the
case of larger spots.

10 pm

Fig. 3. Fluorcscence images of hybridization of Cy 5 labeled target to probe DNA attached onto the micro- and nano-fabricated arrays. (a) Complementary
probe (diameter: 5 pm, pitch: 20 pm); (b) noncomplementary probe (diameter: 5 pm, pitch: 20 pm); () complementary probe (diameter: 500 nm, pitch: 5 um).
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The results shown above establish the potential of high-
density DNA arrays on silicon surfaces fabricated by EB
lithography as a platform for DNA attachment and subse-
quent DNA biosensor and biochip development. We are
currently miniatunizing the pattemn to less than 100 nm.
Smaller nanostructured patterns will be fabricated based on
this technique for DNA nano-arrays.

4. Conclusion

An alternative to EB lithography for producing sub 10-
pm patterns for immobilization of oligonucleotides is
introduced. DNA micro- and nano-arrays were produced
by covalently attaching oligonucleotides to micro- and
nano-fabricated patterns. Sequence specificity was demon-
strated via hybridization of a fluorescently labeled target
DNA. to complementary and noncomplementary probe
DNAs. The resulting DNA fluorescent micropatterns were
markedly uniform in size and shape, resulting in controlled
homogeneous spots. This method enables the fabrication of
biestructures with nanometer-scale precision, which will
help advance the nanofabrication of DNA biosensors and
biochips.
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Abstract

A novel fabrication process of silicon microstructure array for preferential immobilization of biomolecules is proposed. We
perform electron beam lithography on a self-assembled monolayer (SAM), and achieve high-density silicon patterns terminated
with both 3-aminopropyltriethoxysilane (APTES) and octadecyltrimethoxysilane (ODS). The amino-terminated surface
produces the site-directed covalent immebilization of DNA inside the pattern, while the hydrophobic surface of the ODS-
SAM prevents the adsorption. As a result, we have succeeded in immobilizing the DNA within the amino-modified arca. By
using this methodology, we demonstrate the miniaturization of deoxyribonucleic acid (DNA) chip. After the covalent attachment
of the amino-modified oligonucleotides to the microstructures, we hybridize the immobilized DNA with the target DNA labeled
with a fluorescent dye. The signals from the DNA chip exhibit the specific binding due to the DNA-DNA interaction. These
results show the feasibility of this technique for high-density information storage and biochip miniaturization.
© 2004 Elsevier B.V. All rights reserved.

PACS.; 81.07.Nb molecular nanostructures; 81.16.Dn self-assembly; 81.16.Rf nanoscale pattern formation; 87.14.Gg DNA; RNA

Keywords: Electron beam; Lithography; EB; Sclf-assembled monolayer; SAM; Deoxyribonucleic acid; DNA; Immobilization; Biochip

1. Introduction

Biomolecules have sophisticated functions, such as
catalysis, molecular recognition and self-restoration.
In order to combine these functions with solid-state
devices and realize a novel bio-mimetic device, pre-

" Corresponding author. Tel.: 481 3 5286 3842;
fax: +81 3 5272 5749.
E-mail address: tanii@ohdomari.comm.waseda.ac.jp (T. Tanii),

ferential immobilization of biomolecules onto a chip
is required [1-3). However, the conventional silicon
processes, in general, involve harmful conditions for
biomolecules, such as high temperature, high vacuum,
and extremely low hydrogen potential (pH). Hence, it
is essential to develop a new process to immobilize the
biomolecules on a chip without losing their activity
during the immobilization,

In this paper, we report three bottom-up pro-
cesses for site-directed covalent immobilization of

0169-4332/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2004.05.033
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deoxyribonucleic acid (DNA) onto silicon high-
density pattemns. Electron beam (EB) lithography is
performed for the arrangement of amino-terminated
areas on a silicon substrate, An organosilane self-
assembled monolayer (SAM) is also utilized in order
to passivate the outside of the pattern. DNA probes are
attached within the aming-modified area with linker
molecules. Fluorescent signals from the complemen-
tary and non-complementary sequences are obtained
in order to compare the hybridization specificity after
the immobilization. Although we cannot immobilize
various DNA sequences on one chip by this protocol,
at least, we confirm that the activity of immobilized
DNA is maintained by testing the hybridization spe-
cificity. The versatility of the organosilane SAM is
also discussed in terms of the fluorescent signal
enhancement and the pattern miniaturization.

2. Experimental

We have examined three processes for the site-
directed covalent immobilization of DNA onto silicon
microstructure  patterns. These processes were
designed for the arrangement of amino-terminated
patterns on a silicon substrate, on which the DNA
was immobilized with a linker molecule. Fig. 1 shows

Aminu=NModified

Resist oS
sy L

EB Aminn-
Lithography

Resist R ral
Mudification st Remova

Amino-Modified
0DS Ares |)N.'>,

Immabilization

. Amino- DNA
CYDofODS  pygification  Immohilization

Protocol (I1)

Amino-Muolificd ‘
Arcea I)N!.\/-

'\'f#

Lithugraphy

Si
CYD of ODS

(M}
Lithography

Protocol (111)

nNA
Immobilization

Modification

Fig. 1. Schematic representation of DNA immobilization process.

the schematic representation of these processes,
respectively. We used silicon substrates covered with
thermally grown SiO; layer of 10 nm thickness. In the
protocol (I), positive resist patterns were prepared by
EB lithography. Next, the silicon dioxide surface
within the pattern was hydroxylated in a solution
of ammonium hydroxide/hydrogen peroxide/water
mixture (APM), and terminated with an amino-group
by immersing into 2% aminopropyltriethoxysilane
(APTES) in 95% acetone/water for 1 h. After the
resist removal in organic solvents, the amino-modified
substrates were immersed into a solution of 1.25%
glutaraldehyde in water for 1 h. Small droplets of
complementary and non-complementary oligonucleo-
tides diluted to a firal concentration of 20 pM were
deposited manually on the surface of the patterns.
Then, the substrates were incubated at 38 “C for 2 hin
a humidified hybridization chamber, and washed in a
buffer. Finally, the DNA-modified surface was
exposed to 10 pM of 5'-Cy-5 labeled DNA comple-
ment in a buffer, and allowed to hybridize at 65 °C for
2 h. The hybridized surface was rinsed once in a buffer
for 5 min to remove any non-hybridized complement.

Complementary and non-complementary oligonu-
cleotides to be immobilized on to microstructure
patterns as probe DNA were amino-modified at
5' end, and oligonucleotides employed for target
DNA were Cy-5 labeled at 5 end. Each of these
oligonuclectides was 21 mer in length. The sequences
were H;N-5-CCACGGACTACTTCAAAACTA-3
(complementary probe), H,N-5'-ATCGATCGAT-
CGATCGATCGA-3 (non-complementary probe)
and Cy-5-5'-TAGTTTTGAAGTAGTCCGTGG-3’
(target), respectively.

In the protocol (II), we have improved the immo-
bilization process by using organosilane SAM passi-
vation. In this procedure, the negative resist patterns
on a silicon dioxide substrate were prepared. After the
treatment in APM, the silicon dioxide surface was
covered with an octadecyltrimethoxysilane (ODS)-
SAM by means of a chemical vapor deposition
(CVD) [4]. The CVD was performed at 110 °C for
4 h. It was previously reported that this CVD method
produced a high-uniformity SAM [5,6]. Since the
ODS-SAM produced a hydrophobic surface, it was
expected that this passivation layer prevented the
unintended adsorption of molecules during the pro-
cess. Following the CVD of ODS, we immersed the
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substrates into 10 uM ethyltriethoxysilane (ETS) in
ethanol for 1 h. The effectiveness of this immersion is
discussed later. Finally, the negative resist pattern was
completely removed, and the patterns were modified

with APTES. Then, the substrates were baked at .

150 °C in order to evaporate the adsorbing molecules.
The immobilization and the hybridization of DNA
were performed in the same way as the protocol (I).

The protocol (1II) was designed taking full advan-
tage of ODS-SAM. In this procedure, ODS-SAM
served as a resist film for EB lithography as well as
the passivation layer. Following the CVD of ODS and
subsequent ETS modification, EB lithography was
performed directly onto SAM. It has been reported
that nano-scale patterns could be achieved by EB
lithography onto ODS-SAM, because the pattern
expansion due to the proximity effect was negligible
[7}. It was also possible to fabricate microstructure
patterns on ODS-SAM by means of vacuum ultravio-
let (VUV) photolithography, as described in the pre-
vious reports [4-6]. We have performed EB
lithography using buffered hydrofluoric acid (BHF)
as a developer. The EB energy was 20 keV, and the
dose was 960 pC/cm?. By immersing into a solution of
HF:NH,F:H;0 (1:4:180) for 60 s, the irradiated region
was developed completely. Then, the exposed silicon
dioxide region within the pattern was modified with
APTES. It was also reported that ODS was resistant to
BHF immersion and served as a mask for the pattern
transfer into underlying Si0; layer [8-10]. The immo-
bilization and the hybridization processes were carried
out as mentioned above. Finally, the array of DNA
labeling target DNA bound to the capture DNA
immobilized on the microstructure pattern was
observed in a fluorescent microscope with a He-Ne
laser (1.0 mW, 632.8 nm).

3. Results and discussion

In the protocol (I), we have examined the efficiency
of DNA immobilization onto amino-modified area
arranged on the silicon dioxide surface. Because the
conditions for EB lithography onto conventional resist
have been well known, it was the easiest to begin with
this process. Fig. 2 shows the fluorescent images of
hybridization of the target DNA labeled with Cy-5 to
the complementary and non-complementary DNA

() 50 um (b 50 pm

Fig. 2. Fluorescent images of target DNA labeled with Cy-5
hybridized to the probe DNA immobilized within the microstruc-
ture patterns by protocol (I) (size: 10 um, pitch: 50 pm). (a)
Complementary DNA immobilized within the microstructure
patterns. (b) Non-complementary DNA immobilized within the
microstructure patterns,

immobilized within the microstructure patterns. As
shown in Fig. 2, it is clear that the fluorescent signals
corresponded to the strong binding of fluorophore-
labeled DNA to the immobilized DNA within the
pattern. This result indicates that the amino-modified
oligonucleotides were indeed attached to the micro-
structure patterns and were accessible to the target
DNA. We also confirmed that the fluorescent signal
was not duc to the unspecific binding of the Cy-5-
labeled DNA onte the immobilized probe DNA,
because no binding was observed from non-comple-
mentary probes as shown in Fig. 2. However, the
fluorescent signals exhibited irregular shapes, Almost
all the patterns seemed expanded compared to the
original rectangular shape with sides 10 um long. By
taking atomic force microscopy (AFM) images of the
amino-modified patterns, we have confirmed that this
pattern expansion was due to the diffusion of APTES
during the resist removal. It is considered that APTES
stuffed in the resist openings diffused and bound onto
the SiO; surface around the pattern. As a result, we
could not detect any fluorescent signal from denser
patterns. That was why we intended to cover the
outside of the pattern with an inert passivation layer.

In the protocol (1F), the outside of the amino-mod-
ified area was covered with organosilane beforehand.
In addition to the ODS-SAM deposition, we exposed
the substrates to ETS for the passivation. ETS is a
relatively small silane compared to ODS. Table |
shows the cffectiveness of the ETS treatment. In this
test, bare SiO, surface without any patterns was
modified in APM, ODS, ETS and APTES in turn.
The check marks in Table I indicate that the wafer has
been exposed to that reagent. The ODS-SAM surface
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Table 1
Water contact angle of the wafer at each process step

Process step wafer no. 1. APM 2. 0DS 3. ETS 4. APTES Water contact angle
No. I v ~0 ° {Hydrophilic)
No. 2 v v 111 ° (Hydrophobic)
No. 3 v v v 91 ° (Hydrophobic)
No. 4 v v v 44 ° (Hydrophilic)
No, 5 v v v v 81 ° (Hydrophobic)

exhibited hydrophobic surface with the contact angle
of 111 °C. Comparing the water contact angle of wafer
number 2 with that of number 4, it is clear that the
surface returned to hydrophilic again after the sub-
sequent APTES modification. This degradation was
thought to be due to adsorption of APTES onto ODS-
SAM, because APTES was relatively small compared
to ODS. This adsorption resulted in poor selectivity in
immobilization of DNA between inside and outside
the pattern, We could solve this problem by immersing
the ODS-SAM into ETS. As shown in Table 1, the
ODS-SAM exposed in ETS kept its hydrophobic sur-
face after APTES treatment (wafer number 5).
Because ETS is the smallest, the available sites for
APTES to adsorb in ODS-SAM have already been
filled with ETS, and the surface stayed hydrophobic
during APTES treatment. As a result, we could immo-
bilize DNA only inside the pattern. Fig. 3 shows the
fluorescent images of target DNA, bound to the com-
plementary probe on the microstructure patterns. The
fluorescent images exhibited the regular shape. In
addition, we could detect the fluorescent signals also
from nanostructure patterns as shown in Fig. 3b. Fig. 4
shows the fluorescent image of 1 pm pattern at inter-
vals of 10 pm. As shown in Fig. 4, however, many

(a) 10 um {b) o um

Fig. 3. Fluorescent images of target DNA labeled with Cy-5
hybridized to the complementary probe DNA immobilized by
protecol (IN). (a) Microstructure patterns (size: 5 pm, pitch: 20 um).
{b) Nanostructure patterns (size: 500 nm, pitch: 5 um).

speckled background noises were recognized on the
substrates prepared by protocol (II). The area is deli-
neated with broken lines also in Fig. 3. This indicates
that the remainder of the conventional EB resist was
hardly removed in an organic solvent, if it was applied
to organosilane SAM and caused the background
noise in the fluorescent images.

While the protocol (II) was elaborated and rela-
tively complicated, the protocol (IIT) was a simple and
self-aligned process that enabled us to perform the
amino-modification and the passivation simulta-
neously. Fig. 5 shows the fluorescent image of the
Cy-5 labeled DNA hybridized to the complementary
probe immobilized on the substrate by means of
protocol (III). The fluorescent image shown in Fig. 5
exhibited good uniformity with no speckled back-
ground noise, It has also been confirmed by a perfor-
mance test of our handmade fluorescent microscope
that the relatively bright region in the outside of the
pattern in Fig. 5 is mainly due to the non-uniformity of
the laser intensity. Thus, it is clear that the speckled
background noise was due to the conventional EB
resist. We need further spectroscopic analysis in order
to clarify whether the remainder of the DNA was still
adsorbed on the SAM surface in the outside of the

Fig. 4. Speckled background noises in the fluorescent image of Cy-
5-labeled DNA hybridized to probe DNA immobilized by protocol
(I} (size: 1 pm, pitch: 10 pm).
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{a) 10 pm (b) 10 um

Fig. 5. Fluorescent image of Cy-5-labeled DNA hybridized to the
complementary probe DNA immobilized on the ODS-SAM
patterns by protocol (III). (a) Microstructure patterns (size: 5 pum,
pitch 20 yum}. (b) Nanostructure patterns (size; 250 nm, pitch
2.5 pm). The relatively bright region in the outside of the pattern is
mainly due to the non-uniformity of laser intensity in our
handmade fluorescent microscope.

pattern or not. However, it is concluded that the
adsorption was negligible because we could obtain
a high-density fluorescence pattern according to the
high uniformity and the high contrast as shown in
Fig. 5b. Therefore, the protocol (III) has the advantage
of high fluorescent signal to noise ratio.

4. Conclusion

We have proposed new processes for site-directed
immobilization of DNA onto microstructure patterns
and demonstrated the fluorescent observation of fluor-
ophore-labeled DNA hybridized to complementary
and non-complementary probe DNA immobilized
onto the patterns. Three protocols were examined
by comparing the fluorescent signals. By taking
advantage of the versatility of ODS-SAM, we have
succeeded in obtaining regular and uniform fluores-
cent signals from the DNA immobilized on micro and
nanostructure patterns. It has been confirmed that the

proposed protocols are effective for site-directed
immobilization of amino-modified biomolecules onto
silicon fine structures. This technique is also powerful
for the biochip development and the chip miniaturiza-
tion.
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DNA micropatterns have been for the first time fabricated on a single-crystal diamond surface in conjunction with the
photolithography technigue. A new chemical modification process for producing amine groups inside patterned regions and a
passivation layer terminated with fluorine outside patterned regions is demonstrated. The resulting amine groups within
patterned areas and fluorine termination outside patterned areas on the single-crystal diamond surface were characterized by
spatially resolved X-ray photoelectron spectroscopy. Amine-terminated oligonucleotides were then linked to the amine-
patterned regions using a crosslinker. It was revealed that hybridization on DNA-patterned diamond is specific and selective,
with a low background outside the patterns and strong binding to complementary probe DNA immobilized inside the patterns
but no binding to noncomplementary probe DNA similarly immobilized inside the patterns. These results suggest that DNA
micropatterning on a single-crystal diamond may serve as an ideal platform for future biochips and biosensors.
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Much attention has been given to the combined use of
microelectronics and biotechnology to develop integrated
biosensing systems such as DNA on Au electrodes,!? DNA
on fiber optics? and proteins on fiber optics.” Among the
microelectronics-compatible materials such as glass, silicon,
gold and diamond, diamond is a remarkable material due to
its high chemical stability,*® high sensitivity in electro-
chemical reaction,” and biocompatibility.™ Therefore,
diamond is an ideal substrate for the integration of micro-
electronics with biological molecules. DNA attachment on
diamond surfaces involving polycrystalline diamond and
nanocrystalline diamond has already been established.* '
However, only a few methods of chemically modifying
diamond surfaces for biomolecular immobilization have
been investigated due to the absence of well-defined
chemical groups on diamond surfaces.*'¥ More recently,
DNA-modified nanocrystalline diamond thin films have
been demonstrated as stable and biologically active sub-
strates for the integration of microelectronics with biological
modification and s\‘:nsing."j However, it is still difficult to
precisely make clear chemical modification process on such
a thin film while chemical functionalization is conducted on
nanocrystalline diamond. Single-crystal diamond is flat and
highly pure, enabling us to fully understand the chemical
changes on the surface. Here, we present a new approach in
micropatterning DNA on a chemically modified single-
crystal diamond surface by photolithography. Our results
show that the shapes of the micropatterns are well controlled
using this surface-patterning technique, and DNA deposition
on micropatterns is precise and uniform; likewise, the
subsequent hybridization process shows high selectivity and
specificity.

*E-mail address: zhang@kaw.comm.waseda.ac.jp
*E-mail address: umezawa@kaw.comm.waseda.ac.jp

The strategy for the fabrication of micropatterns on a
single-crystal diamond surface is outlined in Fig. 1, which
involves many steps: single-crystal diamond has a relatively
flat surface with a mean roughness of less than 10nm.
Single-crystal diamond 1b (001) was heated to 800°C with
750 W coupled hydrogen plasma for 30 min to terminate the
surface with hydrogen (Fig. 1(b)). The hydrogen-terminated
surface has a p-type conductive layer and shows unique
properties, leading to a number of potential applications.'?
The oxidization of the diamond surface was performed by
exposing the hydrogen-terminated diamond samples to
ultraviolet light and ozone for 1h.¥ After treatment with
ozone, the hydrogen-terminated surface most likely changes
to a surface containing ether and hydroxyl groups, resulting
in the surface-functionalized groups (Fig. 1(c)). An approx-
imately 100-nm-thick Au film was deposited on the oxidized
diamond surface as a mask and another resist film was then
coated on the gold layer (Fig. 1(d)). The negative patterns
were fabricated by photolithography, which cobtained by
etching off the gold using a solution containing KI and T2
(Fig. 1(e})). After removing the resist film, the etched areas
were exposed to C3;Fg plasma using inductively-coupled
plasma (ICP) for 20-30s to generate a fluorine-terminated
surface, which is a hydrophobic surface capable of mini-
mizing the subsequent unspecific binding of biomolecules
(Fig. I{f)). The micropatterns with feature sizes as small as
Sum were finally realized by etching off the remnant gold
mask on the surface.

The resulting micropatterns indicate that there is a
hydrophilic surface inside the feature where the functicnal-
ized groups still remain, and another hydrophobic surface in
the region between the features that is terminated with
fluorine, enabling easy filling of the micropatterns with an
aqueous solution containing biomolecules of interest, To
provide chemically reactive amine groups, the hydrophilic
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